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We propose a cosmological braneworld scenario in which two branes coUide and emerge 
as reborn branes whose tensions have signs opposite to the original tensions of the respective 
branes. In this scenario, gravity on each of the branes is described by a scalar-tensor-type 
theory in which the radion plays the role of the gravitational scalar, and the branes are 
assumed to be inflating. However, the whole dynamics is different from those of the usual 
inflation, due to the non-trivial dynamics of the radion field. Transforming the conformal 
frame to the Einstein frame, this born-again scenario resembles the pre-big-bang scenario. 
Thus, our scenario has features of both inflation and pre-big-bang scenarios. In particular, 
gravitational waves produced from vacuum fluctuations may have a very blue spectrum, 
while the inflaton field gives rise to a standard scale-invariant spectrum. 



§1. Introduction 

The inflationary universe scenario is a natural solution to fundamental problems 
of the big-bang model, such as the horizon problem.^' However, it is not a unique 
choice. For example, a universe with an era of contraction is also a possibility. The 
pre-big-bang scenario is a realization of such a case in the superstring context.!^ Un- 
fortunately, however, the pre-big-bang scenario suffers from the singularity problem, 
which cannot be solved without understanding the stringy non-perturbative effects. 

One of the remarkable features of superstring theory is the existence of extra 
dimensions. Conventionally, the extra dimensions are considered to be compactified 
to form a small compact space of the Planck scale. However, recent revolutionary 
progress in string theory has lead to the brane-world picture.^'' In this paper, we 
consider a system of two branes having tensions of opposite sign, with the interme- 
diate spacetime (bulk) described by an anti-de Sitter space (AdS5)PJ3J^'E» One 
of the branes is assumed to be our universe, and there exists an inflaton field that 
leads to inflation. The other brane is assumed to be vacuum, but with a non-zero 
cosmological constant (see Fig. 1). 

Assuming the slow roll of the inflaton field, we can regard both branes as vacuum 
(de Sitter) branes. Hence, we analyze this case in detail. To this time, mostly the 
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static de-Sitter two-brane system has been considered in the cosmological context!^ 
However, it is now weh-known that a static de-Sitter two-brane system is unstable)^ 
We therefore investigate the non-trivial radion dynamics and focus on its cosmofog- 
ical consequences (See the previous work on the radion dynamics given in Ref. 10). 
As a result, we find a new scenario of the braneworld, which we call the "born-again 
braneworld scenario". We show that the two branes can collide without developing 
serious singularities, as seen from an observer on either brane, and emerge as reborn 
branes with the signs of the Lagrangians reversed. We find that our scenario has 
features common to both the conventional infiationary scenario and the pre-big-bang 
scenario. In a sense, we can regard it as a non-singular realization of the pre-big-bang 
model in the braneworld context. (See related works and criticism of them presented 
in Refs. 11) and 12).) In particular, a fiat spectrum for the density perturbation is 
naturally produced, while background gravitational waves with a very blue spectrum 
are generated through the collision. It may be possible to detect this using future 
interferometric gravitational wave detectors.^ 
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Fig. 1. Radion as the distance between two branes. 



§2. Effective action 

We begin by reviewing the effective equations on a brane at low energies, which 
we derived in previous paper^^'^ (see also Refs. 16) and 17)). This effective theory 
is valid if the energy density on a brane is much smaller than the brane tension. 
Strictly speaking, we cannot use this action when two branes collide, because the 
junction conditions lose their meaning in this case. Indeed, the collision process is 
singular from the 5-dimensional point of view. However, this singularity is relatively 
mild, and the action is completely regular at the collision point. This leads us to 
assume that the collision process can be described by this effective action. This 
assumption is crucial for later analysis. 

Our system is described by the action 
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+ / d^X^/^r^ Matter , (2-1) 

i=A,B-' 

where TZ, Q^^u^^^*^ and are the 5-dimensional scalar curvature, the induced met- 
ric on the i-brane, and the 5-dimensional gravitational constant, respectively. We 
consider an S1/Z2 orbifold spacetime with the two branes as the fixed points. In 
the first Randall-Sundrum (RSI) model,® the two flat 3-branes are embedded in 
AdSs with the curvature radius I and the brane tensions given by a a = 6/(k^^) 
and as = — 6/(av^£). Then we have g^^^'^^^'^ = e'^'^/^g^'^'^^^^, where d is the distance 
between the two branes. We assume this model to be the ground state of our model. 

Adding the energy momentum tensor to each of the two branes, and allowing 
deviations from the pure AdSs bulk, the effective (non-local) Einstein equations on 
the branes at low energies take the 

G^(/i) = ^r^^-^X^, (2-2) 

G^(/)=-yT^^-^^ . (2-3) 

where /i^i^ = g^^^^^^"^ and J7 is a conformal factor that relates the metric on the 
A-brane to that on the S-brane (specifically, f^^ = ff^J^"^*^"*^ = fl'^h^^,), and the 
terms proportional to XtJ-u are 5-dimensional Weyl tensor contributions, which de- 
scribe the non-local 5-dimensional effect. Although Eqs. (|2-2|) and H2-3() are non-local 
individually, with undetermined x^v^ they can be combined so as to reduce them to 
local equations for each brane. Since x^ly appears only algebraically, one can easily 
eliminate Xi-iv fi'om Eqs. (|2-2|) and (|2-3() . 

2.1. A-brane 

First, consider the effective equations on the j4-brane. Defining a new field 
tp' = 1 - we find 



2tp'(l -0/) V ' 2 



□IP- = 1^(1 - 0^) {T^ + (1 - iP-)r^} - ^(^^^^ '^'^■^IM , (2-5) 

where "|" denotes the covariant derivative with respect to the metric h^^. Since fl 
(or equivalently ^) contains the information of the distance between the two branes, 
we call Q (or ^) the "radion" . 

We can also determine x^y by eliminating G^^ from Eqs. H2-2p and ()2-3p . Then, 
we have 

.2/ 



+ 2(1^ ('^''^'^1^ " ^^^'^'"'^l' 



(2-6) 



4 S. Kanno, M. Sasaki and J. Soda 

Note that the index of T^^y is to be raised or lowered by the induced metric on the 
B-brane, /^,^. 

The effective action for the yl-brane that gives Eqs. ()2-4|) and (|2-5|) is 

3 



2(1 - ^) 



(2-7) 



2.2. B-brane 



Using the same procedure as that above (but exchanging the roles of h^^ and 
ffj_y) also yields the effective equations on the i?-brane. Defining = f2~'^ — 1, we 
obtain 



1 



U^=—(l + ^) {T^ + (1 + ^)T^\ + — ^ r'P'^^ u 



(2-8) 

(2-9) 



^(1 + ^') 

Here, ";" denotes the covariant derivative with respect to the metric f^y. Note that 
the index of T'^^y is raised or lowered by h^j_y. Because ^ is equivalent to 17 or 
we also call the "radion". 

We can also express x^u ™- terms of quantities on the i?-brane. We find 

,^2 



A u 



3 



{T^^'y + (1 + ^)r^^} 



2^(1 + ^))2 



2(1 + ^) 

The effective action for the i?-brane is given by 



(2-10) 



'S'b = T7-2 
2k^ 



<PR{f) + 



2(1+^) 
§3. Radion dynamics 



(2-11) 



Most inflationary models are based on a slow-roll inflation that has a sufficiently 
flat potential. In this section, we consider the dynamics of branes with vacuum energy 
as a first-order approximation of a slow-roll inflation model. Qualitative features of 
the brane cosmology can be understood with this simplified vacuum brane model. 

We take the matter Lagrangians to be = —6a^ and = —6a^ in our 
effective action (|2-7|) or (|2-1H) . The effective action on the ^-brane in this case reads 

3 



2^2 



d xV—h 



2(1 - I') 
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d xy —h 
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(3-1) 



Because our theory is a scalar-tensor-type theory, we call this original action the 
"Jordan-frame effective action". In order to study the dynamics of the radion, it is 
convenient to move to the Einstein frame, in which the action takes the canonical 
Einstein-scalar formP^ Applying the conformal transformation defined by /i^ 
^QfMu and introducing the new field 



V 



log 



VT^- 1 



VT^+ 1 

we obtain the Einstein-frame effective action as 



-g 



R{9) - ^"^VaV 



(3-2) 



(3-3) 



where V denotes the covariant derivative with respect to the metric g^u, and the 
radion potential now takes the form 



V{r]) = 6a' 



cosh^^ + /?sinh^^ 
2 2 



5a' 



6a 



A ■ 



(3-4) 



We can also start from the effective action on the S-brane to obtain the same 
Einstein-frame effective action. By applying the conformal transformation defined 
by f/iu = ^gtiu aiid introducing the new field 



V 



los 



VWTT-1 



(3-5) 



we also arrive at Eq. (|3-3|1 . 

We are now ready to examine the radion dynamics (see Fig. 2). Notice that 




Fig. 2. The potential function for rj. 

the two branes are infinitely separated when rj = = 1), and they collide when 
rj = oo = 0). For definiteness, let us assume 6aA > 0. If 6a'^ + 6a'' > 0, 
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^ will move towards unity; i.e., the branes will move away from each other. If 
6a^ + 6a^ < 0, the potential has a maximum at 'I'c = 1 + and the behavior 
depends on whether iZ^ > iZ^c or 1^ < If l^' > ^c, the branes will become infinitely 
separated. If < if'c, the branes will approach each other and eventually collide. 

The static two de-Sitter brane solution corresponds to the unstable point ^ = 
'Fc- In fact, considering the fluctuations around \I/c, we find an instability character- 
ized by the equation 

# + SHS^' - 4 (^H^ + ^^6^ = . (3-6) 

We see that the mass square, — 4(i7^ + K/a"^), is negative, in accordance with the 
previous linear perturbation analysis.^ 

As we mentioned above, in the case < iP'c, the two branes collide. From the 
5-dimensional point of view, this is certainly a singularity, where the spacetime de- 
generates to 4 dimensions. However, as far as observers on the branes are concerned, 
nothing seems to go wrong. In fact, the action (|2-7|) is well-defined even in the limit 
!f' — > 0. Let us assume that \F smoothly becomes negative after collision. Then 
replacing 1^^ as l^' ^ — l^' in the action H2-7() . we find 



J L 2 1 + ip' 




+ j d^x^^i-C 



h[l+^y{-C^). (3-7) 

This is the same as the effective action on the i?-brane, given in Eq. ()2-ll() . ex- 
cept for the overall change of sign and the associated changes of sign of the matter 
Lagrangians. This fact can be interpreted as follows. After collision, the positive 
tension brane becomes a negative tension brane, together with the sign change of 
the matter Lagrangian, and vice versa for the initially negative tension brane. This 
implies that, if we live on either of the branes, our world transmutes into quite a 
different world, and so do we without much damage to the world. That is, we are 
born again! 

This procedure might cause a serious problem when we consider quantum the- 
ory. A similar issue arises in string theory if there exists a negative tension brane. 
However, string theory has the potential ability to overcome this difficulty. For the 
time being, we can only hope that our prescription has an appropriate interpretation 
in the context of string theory. 



§4. Born-again braneworld 



After the collision, if our world had initially been a positive tension brane, we 
would now be on the negative tension brane. However, the theory described by the 
action H2-ll() with any value of ^ contradicts observation. Therefore we assume that 
we were initially on the negative tension brane (i3-brane) before the collision. 

Let us first investigate the cosmological evolution of the S-brane in the original 
Jordan frame. We consider the spatially isotropic and homogeneous metric on the 
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brane 

ds"^ = -dt^ + a^{t)-fijdx'dx^ , (4-1) 

where a{t) is the scale factor and is the metric of a maximally symmetric 3-space 
with comoving curvature K = 0, ±1. Using Eqs. H2-8|) and l\'2-9\i . the field equations 
on the i?-brane can be written 



2 / -\ ' g2 



+ 3/7^> = ^(1 + + (1 + + ^ Y^^' • (4-4) 



Note that Eq. (|4-2j) is the Hamiltonian constraint. Eliminating from Eq. (|4-3|) by 
using Eq. ()4-4() and combining the resulting equation with Eq. (|4-2() . we obtain 



H-l,^-2U^§)-'4s,^. ,4.5) 



Integrating this equation, we obtain the Friedmann equation with dark radiation 



+ 3 = -i,^-' + ^ • (4-6) 



Note that this is just a cosmological version of the non-local Einstein equations on 
the brane, given in Eq. (|2-3p . in which the x^u term gives the dark radiation C/a^. 

Comparing Eq. (|4-2|) with Eq. (|4-6j) . we find the following relation between the 
radion and the dark radiation: 



n'^6a^ 1 + ^ [-^ _^ (1 +^) 



^---^- = ^. (4-7) 
^ 4 1 + ^' ^ ^ ^ 



This gives, in particular, the relation between the initial conditions of the radion and 
the sign of the dark radiation. 

Assuming Sas < 0, the Friedmann equation (|4-6|) yields the dependence of H 
on the dark radiation. Setting = [k? /?>€)[— 5 as)-, we find 

H^K"^ - 4C7 > : 



^/H^K^ - 4C7 cosh 2H^t + HlK 

H^K^ - 4C = : 

2 e^-f^** 
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hIk"^ - 4C < : 

^JAC - H^K^ cosh 2H^t 



H — 



(4-10) 



To realize the born-again braneworld scenario, we consider the case of colliding 
branes. For simplicity, we assume K = 0. A numerical solution of ^ is displayed in 
Fig. 3. We indeed see that <P passes through zero smoothly and approaches —1; i.e., 
the reborn branes will eventually be infinitely separated. 




Fig. 3. The time evolution of The evolution is completely regular at the collision point. 



1.5 PRE-BIG-BANG 



■ 0.75 ■ 
0.5 ■ 
0.25 ■ 



■ BORN-AGAIN 



COLLISION 



Fig. 4. The evolution of the Hubble constant in the Jordan frame. The solution rapidly approaches 
the de-Sitter spacetime. We also plotted the pre-big-bang solution in the Einstein frame. 

Let US analyze this collision. We denote the Hubble constant at the time of 
collision t = tchy He- Applying Eq. 1)4 -71) to the vicinity of the time of collision, we 
find 

^ = -2(1 - ^)H,it - te) ; ^ = 1 - |i (l + ^) • (4-11) 
As expected, ^ behaves perfectly smoothly around the time of collision. The brane 
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geometry is, of course, perfectly regular as well. In fact, the Friedmann equation 
H4-6() continues to hold without a hint of collision. 

Now, we transform these quantities into the Einstein frame. Because — > — 1 
eventually, we can regard our present universe to be described by the Einstein frame. 
The relation between the Einstein frame and the Jordan frame is 

ds\ = -dt\ + h^{tE)6ijdx'dx^ 

= |^>| [-dt] + a{tjf5ijdx'dx^] , (4-12) 

where we have attached the subscripts E and J to the time coordinates to denote 
the cosmic time in the Einstein frame and the Jordan frame, respectively. Thus we 
have 

b = y^\a, dtE = ^A^\dtJ . (4-13) 

Therefore, the Hubble parameter in the Einstein frame behaves in the vicinity of 
collision as 



L^, ,4.14) 



3tE (3(1 _ ^)HJitE\) 



where the collision time in the Einstein frame is set to be t^; = 0. 

We note that in the Einstein frame, the universe contracts rapidly just before the 
collision, and the Hubble parameter diverges to — c« at collision. Then, the universe 
is reborn with an infinitely large Hubble parameter, which looks like a big-bang 
singularity. Thus, because there exists no singularity in the Jordan frame, the pre- 
big-bang phase and the post-big-bang phase in the Einstein frame are successfully 
connected. That is, our scenario is indeed a successful realization of the pre-big-bang 
scenario in the context of the braneworld (see Fig. 4) . 



§5. Observational implication 



As we can see from Eq. ()4-6|) . the universe will rapidly converge to the quasi- 
de-Sitter regime, while the radion can vary, as long as the relation (|4-7|) is satisfied. 
In the Jordan frame, because the metric couples with the radion, the non-trivial 
evolution of the radion field affects the perturbations. This possibility discriminates 
our model from the usual inflationary scenario. On the other hand, the inflaton 
does not couple directly with the radion fleld. Hence, the inflaton fluctuations are 
expected to give adiabatic fluctuations with a flat spectrum. This feature of our 
model is an advantage it has over the pre-big-bang model. 

5.1. Radion fluctuations 

To study the behavior of the radion fluctuations, it is convenient to work in the 
Einstein frame. We express the metric perturbation in the Einstein frame as 



ds% = [-(1 + 2A)dT'^ + 2diBdx'dT + ((1 + 2n)6ij + 2didjE) dx'dx^] (5-1) 
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The action for a curvature perturbation TZ on the 67] = (i.e., radion-comoving) 
shce reads (for a concise review, see Appendix B of Ref. 20)) 



S 



1 



drj d X z 



where 7i = b' /h and 



The equation of motion for TZc is 



c \i 



Se br]' 



z' (3) 

7^'' + 2-7^' - z\ 7^c = . 



(5-2) 



(5-3) 



(5-4) 



Because the background behaves as 6 ~ (— r)-^/^, Ji ~ (2r) ^ and 77' ~ (— r) ^, 
we have z cx b, and the positive frequency modes for the adiabatic vacuum are given 
by 



n. 



■c,k 



(5-5) 



where we have normahzed b as b = l-ff^rl^/^. Then we have 



27r2 



Pik) 



27r2 



c.k I 



(5-6) 



where = k^/^. Thus the spectrum is very blue. If we define the spectral index 
by P{k) oc this implies n = 4. 

There are, however, a couple of points that should be mentioned. First, the 
curvature perturbation TZc is logarithmically divergent at the instant of collision. 
This divergence does not disappear even in the Jordan frame.*). Note that TZc is 
defined on the hyper surf ace on which the radion is uniform, and hence is invariant 
under the conformal transformation H4-13() This suggests the marginal instability of 
our system. Nevertheless, if we cut off an infinitesimally small time interval around 
the singularity, say [— e,e], and smoothly match TZc at r = ±e, the result is quite 
insensitive to the choice of e, as long as ke <C 1, i.e., the scale is outside the effective 
Hubble horizon T-L~^ . Thus, we expect the result (|5-6|l to be valid for all scales of 
cosmological interest. 

The second point, which is a possible drawback, is the following. If inflation (in 
the Jordan frame) continues for a time of 0{H~^) after collision, the blue spectrum 
given above should not be called "blue" after all. As can be seen from Fig. 4, or from 
Eq. (|4-14|) . 17^1 is quite symmetric around r = 0, at least for |r| < H^^. This implies 
that all the modes with k > that were once outside the horizon in the pre-big- 
bang phase came inside the horizon again in the post-big-bang phase by the time 

*^ The fact that the perturbation is generically singular when the effective gravitational constant 
changes sign was first pointed out by Starobinsky.l^ 
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r ~ . (It should be noted that the conformal time is approximately equal to the 
cosmic time in the Jordan frame near the collision, with our normalization such that 
b = |-ff*r|^/^.) Because the evolution near the collision time is approximately time 
symmetric, the standard vacuum state will re-emerge for the modes that re-enter 
the horizon in the Einstein frame. These modes will then come outside the horizon 
again in the inflationary phase, and their spectrum will be a normal scale-invariant 
one. Therefore, we would obtain a spectrum that is scale-invariant for k > -ff* and 
blue spectrum at A: < H^, with the maximum amplitude given by 

(^c>.=H.~^- (5-7) 

For the values of i?* predicted by the standard inflationary models, this is not really 
a blue spectrum in the observational sense. 

This problem can be avoided only if the inflation ends right after the collision, 
when r <^ H^^. One possibility is to resort to the marginal instability mentioned 
above. There may be a model in which the marginally divergent spectrum at high 
frequencies triggers a phase transition to end inflation. It is not clear if it is possible 
to construct such a model in a natural way. We leave investigation of this point as 
a future problem. 

5.2. Gravitational waves 

Next, consider the tensor perturbations 

ds"^ = b^{T) [-dT^ + {5^j + hij)dx'dx^] , (5-8) 

where hij satisfy the transverse-traceless conditions hij'^ = h^i = 0. For the gravita- 
tional tensor perturbations, we have 

h'l + 2nh'i, + k^hk = , (5-9) 

where hk is the amplitude of hij. Since H ~ (2r)^^, has approximately the 
same spectrum as TZc, including the magnitude. In particular, the spectral index 
for the gravitational waves is also n = 4. (Here, the spectral index is defined by 
Ph{k) oc A;"""^, as in the case of the scalar curvature perturbation. For the tensor 
perturbation, the conventional definition is ut = n— 1.) Provided that inflation ends 
right after collision, as discussed in the previous subsection, this gives a sufficiently 
blue spectrum that can amplify ilg by several orders of magnitude or more on small 
scales as compared to conventional inflation models. Thus, there is the possibility 
that it may be detected by a space laser interferometer for low frequency gravitational 
waves, such as LISA.^ 

5.3. Inflaton perturbation 

To investigate the inflaton perturbation rigorously, one needs to introduce an 
inflaton field explicitly and consider a system of equations fully coupled with the 
radion and the metric perturbation. However, since this is beyond the scope of the 
present paper, let us just estimate the effect of the metric perturbation induced by 
radion fluctuations on the inflaton perturbation. 
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The field equation for the inflaton, tp, in the Jordan frame is 

a-^{a^6ip'y - A6ip + a^d'^V6ip 

= -Sip'n'j + a'^a^if'Aj)' - a^d^VAj - A{E'j - Bj)p' , (5-10) 

where the suffix J indicates a quantity in the Jordan frame. Again, let us consider 
the radion-comoving slice. Then, all the metric perturbation variables in the Jordan 
frame coincide with their respective counterparts in the Einstein frame. 

Ignoring the effect of the inflaton perturbation, the Hamiltonian and momentum 
constraints on the radion-comoving slice arJ^ 

n[-nAc = o. (5-11) 

Using these equations, Eq. H5-1U() reduces to 
a-^{a^5ip'y - A6p + a^d^VSip 

2n^ + n', , , / ,n' X n' _ An, 



^2 



Since TZ'^/Ti is finite, we see that the right-hand side of the above is regular and small 
for the slow-roll inflation. Hence, the inflaton fluctuations are not strongly affected 
by the radion fluctuations. Thus, the inflaton fluctuations should have a standard 
scale-invariant spectrum. 



§6. Conclusion 



In this paper, we proposed a scenario in which two branes collide and are reborn 
as new branes, called the "born-again braneworld scenario". Our model has the 
features of both inflationary and pre-big-bang scenarios. In the original frame, which 
we call the Jordan frame, because gravity on the brane is described by a scalar-tensor- 
type theory, the brane universe is assumed to be inflating due to an inflaton potential. 
From the 5-dimensional point of view, the radion, which represents the distance 
between the branes and which acts as a gravitational scalar on the branes, has non- 
trivial dynamics and these vacuum branes can collide and pass through smoothly. 
After collision, it is found that the positive tension and the negative tension branes 
exchange their role. Then, they move away from each other, and the radion becomes 
trivial after a sufficient lapse of time. The gravity on the originally negative tension 
brane (whose tension becomes positive after collision) then approaches that of the 
conventional Einstein theory, except for tiny Kaluza-Klein corrections. 

We can also consider the cosmological evolution of the branes in the Einstein 
frame. Note that the two frames are indistinguishable at present if our universe is on 
the positive tension brane after collision. In the Einstein frame, the brane universe 
is contracting before the collision and a singularity is encountered at the collision 
point. This resembles the pre-big-bang scenario. Thus our scenario may be regarded 
as a non-singular realization of the pre-big-bang scenario in the braneworld context. 
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Because our braneworld is inflating, and the inflaton has essentially no coupling 
with the radion field, an adiabatic density perturbation with a flat spectrum is 
naturally realized. On the other hand, because the collision of branes mimics the 
pre-big-bang scenario, the primordial background gravitational waves with a very 
blue spectrum may be produced. This suggests the possibility that we may be able 
to observe the collision epoch using a future gravitational wave detector, such as 
LISA. 

Admittedly, the collision process must be treated with a more fundamental the- 
ory. However, because the singularity at the collision point is very mild, we expect 
that the qualitative features of our scenario will remain unchanged, even if we in- 
clude the effect of a (yet unknown) fundamental theory. The born-again scenario 
surely deserves further investigation. 



Acknowledgements 

This work was supported in part by Monbukagaku-sho Grant-in- Aid for Scientific 
Research, Nos. 14540258, 1047214 and 12640269. We would like to thank D. Langlois 
and C. van de Bruck for discussions and comments. A part of this work was done 
while one of us (MS) was visiting the gravitation and cosmology group (GRECO) 
at lAP in Paris. MS would like to thank the GRECO members of lAP for warm 
hospitality. 

References 

1) A. D. Linde, Particle Physics And Inflationary Cosmology, (Harwood, 1990), p. 362. 

2) M. Gasperini and G. Veneziano, Astropart. Phys. 1 (1993) 317, hep-th/921102'l ] 

J. E. Lidsey, D. Wands and E. J. Copeland, Phys. Rept. 337 (2000), 343, hep-tTi/990906l] 
M. Gasperini and G. Veneziano, hep-th/0207130 

3) I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 436 (1998), 
257, hep-ph/9804398 

P. Horava and E. Witten, Nucl. Phys. B 460 (1996), 506, |hep-th/9510209| 475 (1996), 
94, hep-th/9603142 

4) L. RandaU and R. Sundrum, Phys. Rev. Lett. 83 (1999), 3370, hep-ph/99052^ 

5) J. Garriga and T. Tanaka, Phys. Rev. Lett. 84 (2000), 2778, hep-th/9911055 

C. Charmousis, R. Gregory and V. A. Rubakov, Phys. Rev. D 62 (2000), 067505, 
hep-th/9912160 

6) T. Chiba, Phys. Rev. D 62 (2000), 021502, | gr^c/0001029| 

A. Das and A. Mitov, Phys. Rev. D 66 (2002) 0T5()307 hep-th/0203205 

H. Kudoh and T. Tanaka, Phys. Rev. D 65 (2002), 104034, hep-th/0112013, 
A. O. Barvinsky, Phys. Rev. D 65 (2002), 062003. " 

7) H. B. Kim and H. D. Kim, Phys. Rev. D 61 (2000), 064003, lhep-th/9909053| 
J. M. Chne and H. Firouzjahi, Phys. Lett. B 495 (2000), 271, hep-th/00081^ 
U. Ellwanger, Eur. Phys. J. C 25 (2002), 157, hep-th/0001126 

K. Koyama, Phys. Rev. D 66 (2002), 084003, gr-qc/0204047 

S. Kobayashi and K. Koyama, J. High Energy Phys. 0212 (2002), 056, hep-th/02 10029| 

8) U. Gen and M. Sasaki, Prog. Theor. Phys. 105 (2001), 591, gr-qc/0011078 

9) U. Gen and M. Sasaki, Prog. Theor. Phys. 108 (2002), 471, gr-qc/0201031 

Z. Chacko and P. J. Fox, Phys. Rev. D 64 (2001), 024015, hep-th/0102023 

10) P. Binetruy, C. Deffayet and D. Langlois, NucL Phys. B 615 (2001), 219, | Eep-th/0101234| 

D. Langlois and L. Sorbo, Phys. Lett. B 543 (2002), 155, hep-th/020303^' 
P. Brax, C. van de Bruck, A. C. Davis and C. S. Rhodes, hep-th/0209158 

11) J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, Phys. Rev. D 64 (2001), 123522, 



S. Kanno, M. Sasaki and J. Soda 



'hep-th/0103239" 

J. Khoury, B. A. Ovrut, N. Seiberg, P. J. Steinhardt and N. Turok, Phys. Rev. D 65 
(2002), 086007, hep-th/0108187 

P. J. Steinhardt and N. Turok, Science 296 (2002), 1436. 

12) D. H. Lyth, Phys. Lett. B 524 (2002), 1, hep-ph/0106153 

R. Brandenberger and F. Finelh, J. High Energy Phys. 0111 (2001), 056, |hep-th/0109004| 
J. c. Hwang, Phys. Rev. D 65 (2002), 063514, astro-ph/0109045 

13) P. Bender et al. LISA. Pre-Phase A Report, second edition, July 1998. A choice of r eference 
texts on the LISA project can be found at http://www.lisa.uni-hannover.de/l isapub.htmll 
A. Vecchio, Class. Quant. Grav. 19 (2002), 1449. 

14) S. Kanno and J. Soda, Phys. Rev. D 66 (2002), 043526, hep-th/020'5188| 

15) S. Kanno and J. Soda, Phys. Rev. D 66 (2002), 083506, hep-th/020702^ 

16) T. Wiseman, Class. Quant. Grav. 19 (2002), 3083, hep-th/0201127, 

17) S. Kanno and J. Soda, gr-qc/0209087 ' 
J. Soda and S. Kanno, gr-qc/0209086 

T. Shiromizu and K. Koyama, hep-th/0210066 

18) T. Shiromizu, K. Maeda and M. Sasaki, Phys. Rev. D 62 (2000), 024012, 'gr-qc/9910076j 

19) S. Nojiri, O. Obregon, S. D. Odintsov and V. I. Tkach, Phys. Rev. D 64 (2001), 043505, 
hep-th/0101003 

20) J. Garriga, X. Monies, M. Sasaki and T. Tanaka, Nucl. Phys. B 513 (1998) 343, 
astro-ph/9706229 

21) A. A. Starobinsky, Sov. Astron. Lett. 7 (1981), 36. 

22) H. Kodama and ivi. Sasaki, Prog. Theor. Phys. Suppl. No. 78 (1984), 1. 



